Benchmarks
Luciferase is used as a reporter enzyme to estimate gene expression in prokaryotic or eukaryotic cells because the amount of luciferase present is correlated with light intensity in the presence of excess luciferin (1) . Furthermore, its sensitivity and range of linear responses are superior to those of other typical reporters (2) . When the luciferase gene containing a target promoter region is transfected into target cells using a plasmid, expression of luciferase can be estimated from bioluminescence after 1 or 2 days. For practical use, two or three promoters are used for the target and control genes because the expression of a reporter enzyme depends on conditions in the cell, which can be estimated from expression of a control gene. The dual luciferase reporter assay system (www.promega.com/tbs/tm040/tw040. html) involves the use of firefly luciferase for monitoring gene expression and another type of luciferase [e.g., sea pansy (Renilla) luciferase] as an internal control. Recently, Nakajima et al. developed a tricolor-reporter in vitro assay system in which expression of three genes is monitored simultaneously by splitting emissions from green-, orange-, and red-emitting beetle luciferases using optical filters (3). However, neither in vitro assay system is suitable for high-throughput analysis of multiple gene expression, because they involve sample lysis or require special equipment, such as a filtered luminometer. In this report, we describe a new dual-reporter assay involving two secreted luciferases that does not require lysis or special equipment.
The marine ostracod crustacean Cypridina and the marine copepod Gaussia secrete light-blue luminescent luciferases into seawater (4, 5) . When cDNA for Cypridina luciferase (CLuc; λmax = 460 nm) is transfected into mammalian cells, the CLuc is secreted into the medium via the endoplasmic reticulum (ER) and the Golgi complex (6) . Gaussia luciferase (GLuc; λmax = Dual-reporter assay using two secreted luciferase genes For the two-tube dual-reporter assay procedure, two partial aliquots of medium were dispensed into two tubes incubated after 24 h (black column). For assay of CLuc activity, an aliquot was reacted with Cypridina luciferin solution. For assay of GLuc activity, the other aliquot was reacted with coelenterazine solution. For the one-tube dual-reporter assay procedure, an aliquot of medium was dispensed into one tube incubated after 24 h (white column). For assay of GLuc activity, the same aliquot was reacted with coelenterazine solution. At the next step, the bioluminescence of GLuc-coelenterazine reaction was stopped by adding 1% SDS (final concentration 0.1%). Finally, for assay of CLuc activity, an aliquot was reacted with Cypridina luciferin solution. GLuc, Gaussia luciferase; CLuc, Cypridina luciferase; CMV, cytomegalovirus. Benchmarks 480 nm) is secreted into the medium via a similar mechanism when its cDNA is transfected into mammalian cells. The activities of both luciferases in the culture medium can be easily quantified from light intensity after reaction with their substrates [CLuc reacts with Cypridina luciferin (7), and GLuc reacts with coelenterazine]. The bioluminescence systems did not crossreact, and the half-times for decay were similar (>60 h at room temperature; data not shown). Thus, the activities of the two secreted luciferases can be measured separately and accurately.
The plasmid vectors pBmal1-CLuc, which contain a Bmal1 promoter as a target gene, and pCMV-GLuc (New England Biolabs, Ipswich, MA, USA), which was used as a control gene, were transfected into NIH 3T3 cells. Figure  1A shows the dose-dependent induction of Bmal1 promoter-driven transcription compared with induction of the cytomegalovirus (CMV) promoter by RORα4 during a 24-h incubation. CLuc activity increased in response to RORα4, which is a transactivator of the Bmal1 gene (8) . Furthermore, as shown in Figure 1B , the time course of Bmal1 promoter activity is dose-dependent on RORα4. The dose dependency was similar at each point. Above a 48-h incubation, the accumulation or induction effect of RORα4 is less than those in the early phase, although the bioluminescence activities increase gradually. This phenomenon may be reflected by the characteristic of RORα4 or cell conditions.
In comparison with previous reporter assay systems, our new dual-reporter assay has several advantages: (i) it can be carried out sequentially over periods of hours to days using the same cell population; (ii) activities of two luciferases are relatively high and can be measured in small volume (<10 μL medium); and (iii) the procedure is simple and does not require special equipment. Our dual assay is thus suitable for high-throughput analysis of gene transcription in living cells.
However, this pro-cedure involves the use of two tubes for one assay, which requires accurate separation of the sample. As sodium dodecyl sulfate (SDS; final concentration 0.1%) inhibited GLuc activity (<0.01%) but not CLuc activity ( Figure 1C ), we developed a one-tube dual-reporter assay. The procedure was as follows: (i) GLuc activity was measured with coelenterazine; (ii) the bioluminescence of GLuc-coelenterazine reaction was stopped by adding 10% SDS (final concentration 0.1%); and (iii) CLuc activity was measured using Cypridina luciferin. Results obtained using the one-tube procedure were similar to those obtained using the two-tube procedure ( Figure 1D ).
This reporter assay system could be used for detailed analysis of the transcriptome and the promoterome, as well as for screening of new drugs or detection of harmful chemicals.
